
ORIGINAL ARTICLE

Do early stages of lumbar intervertebral disc degeneration really
cause instability? Evaluation of an in vitro database

Annette Kettler • F. Rohlmann • C. Ring •

C. Mack • H.-J. Wilke

Received: 10 February 2010 / Revised: 18 September 2010 / Accepted: 14 November 2010 / Published online: 2 December 2010

� Springer-Verlag 2010

Abstract Early stages of intervertebral disc degeneration

are postulated to cause instability. In the literature, how-

ever, some authors report the opposite. These contradictory

positions are probably supported by the mostly small

number of segments which are investigated. The aim of

this project therefore was to investigate the influence of

intervertebral disc degeneration on lumbar spine rotational

stability using a large data set. The flexibility data from all

spine specimens tested in our institute so far were collected

in a large in vitro database. From this database, all lumbar

spine specimens were selected, which had been tested for

flexibility under pure moment loads of ±7.5 N m and for

which radiographs were accessible. 203 segments met

these criteria. Their radiographic degree of disc degenera-

tion was determined on a scale from 0 (no degeneration) to

3 (severe degeneration) and their influence on the respec-

tive range of motion and neutral zone was examined. The

different lumbar levels differ in flexibility, which increases

the variability of the data if pooled together. To minimise

this effect a statistical model was fitted. The model-based

mean estimates showed a decrease of the range of motion

from grade 0 to 3 in flexion/extension (by 3.1�, p \ 0.05)

and lateral bending (by 3.4�, p \ 0.05). In contrast, in axial

rotation the range of motion tended to increase; however,

not only from grade 0 to 1 but also towards grade 3 (by

0.2�) (p [ 0.05). The neutral zone was affected in a similar

way but to a smaller degree (p [ 0.05). In conclusion, the

results indicated that early stages of intervertebral disc

degeneration do not necessarily cause rotational instability.

In contrast, stability increased in flexion/extension and

lateral bending. Only in axial rotation stability tended to

decrease.

Keywords Lumbar spine � Intervertebral disc �
Degeneration � Instability � Biomechanics

Introduction

Early stages of intervertebral disc degeneration are often

made responsible for spinal instability. This relationship

was first hypothesised in 1982 by Kirkaldy-Willis and

Farfan [12], who divided the clinical manifestation of

degenerative changes in the lumbar spine in three stages:

(1) temporary dysfunction, (2) unstable phase and (3)

stabilisation.

Instability is supposed to cause low back pain. Various

types of surgical implants exist to treat this condition, for

example dynamic stabilisation devices. Besides some other

effects, these implants are intended to restabilise unstable

segments but still allow some movements in order to pre-

vent the progression of adjacent level diseases. Based on

the work by Kirkaldy-Willis and Farfan these implants

could be used to treat the early, unstable phase of

degeneration.

The three stages of degeneration postulated by Kirkaldy-

Willis and Farfan are based on clinical observations. The

main challenge in clinical studies is to define and accu-

rately measure instability [18]. Mostly, the patients are
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asked to adopt a certain posture or to conduct a certain

movement. The standardisation of this procedure is diffi-

cult. Furthermore, if radiographs are taken for evaluation,

relatively high measurement errors have to be expected.

External motion analysis systems may be used instead.

They track the movements of markers attached to the skin.

This, however, reflects the movements of the skin but not

that of the underlying spinal structures. This is somewhat

different in in vitro studies. The loading conditions can

more easily be standardised and the measurements errors

are expected to be smaller since the markers can directly be

attached to the vertebral bodies.

So far, several in vitro studies have been carried out to

investigate the effect of intervertebral disc degeneration on

lumbar spine stability [7, 13, 14, 16, 19]. The results of

these studies, however, vary considerably. Similarly to

Kirkaldy-Willis and Farfan, some authors report about

instability during the early stages of degeneration [7, 19],

while others rather show the opposite [13, 14, 16]. These

partially contradictive results are probably enforced by the

relatively small number of specimens. Furthermore,

mostly, several lumbar spine levels were pooled together,

even though it is known they differ in stability.

The aim of the present study therefore was to analyse

the influence of the degree of disc degeneration on the

flexibility of lumbar spine segments based on the data from

a large in vitro database after adjustment for the spinal

level.

Methods

The in vitro flexibility data from all spine specimens tested in

our institute during the last 10 years were collected in a large

database. From this database, all lumbar spine specimens

L1–2, L2–3, L3–4 and L4–5 were selected, which had been

tested in flexion/extension, lateral bending and axial rotation

under pure moment loads of ±7.5 N m and for which

radiographs in two planes were accessible. The flexibility

tests had all been carried out in one and the same testing

device [22]. Also, the loading conditions had always been the

same: pure moment loads had been applied without axial

preload, the five uncontrolled degrees of freedom had been

unconstrained and the third loading cycle had been evalu-

ated. The segment L5–S1 was not included in this study since

there were only few data for this level in the database.

203 segments from 111 donors with an age of

19–99 years (median 56) met the above-mentioned selec-

tion criteria (Table 1). There had been no special selection

processes for the specimens such that they can be assumed

to represent the general population at the given age range.

In axial rotation one range of motion value was missing

and three neutral zone values. The selected segments had

been tested in specimens composed of up to four discs.

From literature it is known that the range of motion of one

and the same segment becomes smaller if it is tested in a

polysegmental specimen compared to a monosegmental

specimen [11].

The degree of intervertebral disc degeneration of each of

the 203 segments was determined using the radiographs.

According to the system of Wilke et al. [23] three criteria

were rated: height loss, osteophytes and sclerosis. Each of

these three parameters was classified 0 (no degeneration) to

3 (severe degeneration). Based on these individual ratings

one overall degree of degeneration also ranging from 0 (no

degeneration) to 3 (severe degeneration) (Fig. 1) was

attributed to each disc.

Then, the influence of the overall radiographic degrees

of degeneration on the respective range of motion (ROM)

and neutral zone (NZ) values for flexion plus extension,

right plus left lateral bending and left plus right axial

rotation was examined. ROM was defined as the rotational

movement of the segment (accuracy ±0.1�) between an

external load of ?7.5 and -7.5 N m (accuracy ±0.1 N m).

NZ reflects the laxity of the segment at zero load (0 N m).

The whole data set consisted of a mixture of indepen-

dent and dependent data: the number of discs per donor

varied as well as the number of discs per specimen (mono-

and polysegmental specimens) and different lumbar levels

were included (Table 1).

Table 1 Specimens tested in this study

Number of donors 111

Age in years known from 107 donors

Minimum 18

Maximum 99

Median 56

Mean 55.9

Standard deviation 15.2

Gender

Female 45

Male 61

Unknown 5

Number of donors with 1, 2, 3 or 4 segments

1 segment 51

2 segments 38

3 segments 12

4 segments 10

Overall number of segments

Flexion/extension ROM and NZ 203

Lateral bending ROM and NZ 203

Axial rotation ROM 202

Axial rotation NZ 200
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The most commonly used statistical methods assume

either independent data or paired data but not a mixture of

both. The solution for this problem was to use a general

linear model, which was specifically fitted to the data.

A general linear model is a statistical model that incorpo-

rates normally distributed dependent variables (e.g., ROM

and NZ) and categorical or continuous independent vari-

ables (e.g., degree of degeneration). It examines the linear

relationship between both types of variables and can be

adapted to the respective research question. For the present

study it was adapted such that it accounted for the above-

mentioned dependencies within the data. It allowed

examining the simultaneous influence of spinal level and

degeneration on ROM and NZ as well as their interaction.

Before application of the model, the data was checked

for normal distribution, which was assumed by the model.

If there was no normal distribution, the respective outcome

variable, i.e., ROM or NZ, was transformed using the

natural logarithm and the model was formulated with the

transformed values as dependent variable. A transforma-

tion was not necessary for ROM but had to be conducted

for NZ in flexion/extension and lateral bending. In case of

the NZ in axial rotation the transformation was not optimal,

thus the original data were used even though they did not

fulfil the normality assumption.

Thereafter, different dependency structures were inves-

tigated in the model. To select the most appropriate

dependency structure the AIC-criterion (Akaike informa-

tion criterion) was used [4]. This criterion is a measure of

the goodness of fit of an estimated statistical model. Since

the compound symmetry structure (the correlations

between all pairs of measures are the same) led to the

smallest AIC values this structure was included in all final

models. If the interaction had no significant influence on

the dependent variable (level of significance 5%), this

effect was removed from the model. The fixed effects of

spinal level and degeneration were kept in the model

irrespectively of their p value.

As main result the model-based mean estimates with

95% confidence intervals are shown with respect to the

degree of degeneration. In case of the log-transformed NZ,

the presented mean values and confidence intervals are the

back-transformed model estimates. Additionally, the ori-

ginal, not adjusted mean values are shown for comparison.

p values are reported for the fixed effect of the degree of

degeneration and the spinal level on the outcome param-

eters ROM and NZ for each of the three loading directions.

Since this analysis had an explorative character no

adjustment for multiple testing was carried out. The p val-

ues therefore underline trends but do not statistically prove

any differences. Paired comparisons between each pair of

degree of degeneration or each pair of spinal level were not

conducted. This was done in order not to artificially

increase the number of not adjusted p values. These might

easily become misleading since differences may be found,

which are significant only by chance.

Results

The statistical model showed that the degree of degenera-

tion had an influence on ROM in flexion/extension

(p = 0.014; not corrected for multiple comparisons due to

explorative character of this study) and lateral bending

(p \ 0.001) (Table 2). For the spinal level all p values were

\0.01 for both ROM and NZ in all loading planes except

for ROM in lateral bending.

grade 0 grade 1 grade 2 grade 3

Fig. 1 Examples of the four degrees of degeneration

Table 2 p values from the final general linear model for the fixed

effects degree of degeneration and spinal level

FE LB AR

ROM NZ ROM NZ ROM NZ

Degree of

degeneration

0.014 0.835 <0.001 0.103 0.695 0.724

Spinal level <0.001 <0.001 0.102 0.004 <0.001 <0.001

p values \ 0.05 are highlighted in bold. The p values indicate whe-

ther there is any effect of the degree of degeneration or the spinal

level on ROM and NZ in each of the three loading directions.

A paired comparison was not carried out do to the explorative char-

acter of this study

ROM range of motion, NZ neutral zone, FE flexion plus extension,

LB right plus left lateral bending, AR left plus right axial rotation
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In flexion plus extension, the model-based mean esti-

mates of the ROM showed a decrease from 9.5� in grade 0

to 6.4� in grade 3 (p = 0.0023) (Fig. 2; Tables 3, 4). This

decrease also included the early stages of degeneration

(grades 1 and 2). In contrast, NZ stayed almost the same

with 1.4� in grade 0 and 1.3� in grade 3. The original data

before application of the statistical model, showed a similar

trend for ROM, which, however, was less distinct. In

contrast, concerning NZ, the original data rather tended to

increase with increasing degree of degeneration.

In right plus left lateral bending the trends were very

similar to those observed in flexion/extension (Fig. 3;

Tables 3, 4). The model mean estimates of ROM decreased

from 10.2� in grade 0 to 6.8� in grade 3, which corresponds

to a decrease by 33% (p = 0.0011). This trend was also

detectable with the original data. The NZ estimates from

the statistical model decreased somewhat stronger in lateral

bending than in flexion/extension. In grade 0 a mean

neutral zone of 1.5� was estimated by the statistical model

but in grade 3 only 1.0�.

In left plus right axial rotation the statistical model

estimates showed almost no difference between the four

degrees of degeneration for ROM (Fig. 4; Tables 3, 4). In

contrast, the original data showed an increase from 3.9� in

grade 0 to 5.2� in grade 3. A slight increase would also be

possible with the model estimates taking into consideration

the relatively large confidence intervals. Similarly, NZ

more tended to increase in the original data (from 0.5� to

0.8�) than in the statistical model data (from 0.4� to 0.6�).

Discussion

The aim of this study was to evaluate the relationship

between intervertebral disc degeneration and segmental

rotational instability. For this purpose, a statistical model

was fitted based on in vitro data from 203 lumbar spine

segments. This model allowed to examine all data together,

taking into account the influence of the lumbar levels,

which are known to differ in flexibility. This difference

between the lumbar levels was also detected in the present

study in almost all cases (p \ 0.01; not corrected for

multiple comparisons due to explorative character of this

study) (Table 2).

The results did not confirm the instability hypothesis

proposed by Kirkaldy-Willis and Farfan [12]. In contrast,

in flexion/extension and lateral bending ROM and NZ

decreased from no to severe degeneration. Only in axial

rotation ROM and NZ tended to increase, however, not
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Fig. 2 Range of motion (ROM,

dark bar) and neutral zone (NZ,

light bar) in flexion plus

extension with respect to the

degree of degeneration. Left
original data before application

of the statistical model (mean

and standard deviation, all

levels from L1–L2 to L4–L5

were pooled together); right
estimates of the statistical model

(mean and confidence intervals).

n number of segments per

degree of degeneration

Table 3 Mean increase of range of motion and neutral zone with

respect to grade 0 in degrees

FE LB AR

ROM NZ ROM NZ ROM NZ

Grade 0 0.0 0.0 0.0 0.0 0.0 0.0

Grade 1 -0.6 -0.1 -1.4 -0.3 0.3 0.1

Grade 2 -1.2 -0.1 -2.0 -0.2 0.2 0.2

Grade 3 -3.1 -0.2 -3.4 -0.5 0.2 0.2

Estimates of the statistical model are presented. In case of the log-

transformed NZ (FE and LB) the estimates are back-transformed

ROM range of motion, NZ neutral zone, FE flexion plus extension,

LB right plus left lateral bending, AR left plus right axial rotation

Table 4 Mean range of motion and neutral zone normalised to the

mean value of grade 0 (=100%)

FE LB AR

ROM% NZ% ROM% NZ% ROM% NZ%

Grade 0 100 100 100 100 100 100

Grade 1 94 93 87 82 107 126

Grade 2 88 93 81 86 104 137

Grade 3 67 88 67 67 105 146

Estimates of the statistical model are presented. In case of the log-

transformed NZ (FE and LB) the estimates are back-transformed

ROM range of motion, NZ neutral zone, FE flexion plus extension,

LB right plus left lateral bending, AR left plus right axial rotation
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only for mild and moderate degeneration but continuously

towards severe degeneration.

Compared to other in vitro studies reported in the lit-

erature, both, similarities and differences were found

(Table 5). The similarities are strongest in axial rotation. In

this loading direction, three studies revealed an increasing

ROM with increasing degree of degeneration [13, 14, 16].

In lateral bending two found a continuously decreasing

ROM as seen in the present study [14, 16], while in flexion/

extension there was only one other study indicating such a

decrease [14]. The strongest differences between the

present study and those reported in the literature were

found compared to Fujiwara et al. and Tanaka et al. [7, 19].

These two studies, which are both from the same group of

researchers, found an initial increase of ROM for mild or

moderate degeneration, which was followed by a final

decrease towards severe degeneration.

Thus, Fujiwara et al. and Tanaka et al. support the

instability hypothesis of Kirkaldy-Willis and Farfan, while

the others do not. This inconsistency may have different

reasons. First, in all former in vitro studies, various lumbar

levels were pooled together without accounting for possible

differences. Furthermore, different grading systems were

used. While in the present study and in one part of that of

Mimura et al., a radiographic system was used, others were

based on magnetic resonance images, discography or, most

commonly, on macroscopic sections (Table 5). The systems

used to grade these macroscopic sections were those of

Nachemson [15], and Vernon-Roberts [21] which are both

based on transverse sections through the disc, and the one of

Thompson et al. [20], which is based on sagittal sections

[10]. Fujiwara et al. and Tanaka et al., who used the system

of Thompson et al. stated that greater motion generally was

found in grades III and IV, in which radial tears of the

annulus fibrosus were found. Disc space collapse and for-

mation of osteophytes as found in grade V, which is the

highest degree of degeneration in this grading system,

resulted in stabilisation of the motion segment. The stabil-

ising effect of osteophytes has also been described by

Al-Rawahi et al. [3], who found that the resistance to

bending moments in flexion, extension, and left and right

lateral bending was reduced by 49, 36, 36, and 35%. Thus, in

case of the studies of Fujiwara et al. and Tanaka et al., tears

were found in grades III and IV, while osteophytes were

0

2

4

6

8

10

12

14

grade 0 grade 1 grade 2 grade 3
0

2

4

6

8

10

12

14

grade 0 grade 1 grade 2 grade 3

Right plus Left Lateral Bending
Original Data Statistical Model Estimates

ROM (dark bar)
NZ (light bar)

R
O

M
 a

nd
 N

Z
 in

 

R
O

M
 a

nd
 N

Z
 in

 
n=96 n=90 n=11 n=6 n=96 n=90 n=11 n=6

Fig. 3 Range of motion (ROM,

dark bar) and neutral zone (NZ,

light bar) in left plus right

lateral bending with respect to

the degree of degeneration. Left
original data before application

of the statistical model (mean

and standard deviation, all

levels from L1–L2 to L4–L5

were pooled together); right
estimates of the statistical model

(mean and confidence intervals).
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Fig. 4 Range of motion (ROM, dark bar) and neutral zone (NZ, light
bar) in left plus right axial rotation with respect to the degree of

degeneration. Left original data before application of the statistical

model (mean and standard deviation, all levels from L1–L2 to L4–L5

were pooled together); right estimates of the statistical model (mean

and confidence intervals). n number of segments per degree of

degeneration. *Two single values less for NZ than for ROM
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probably found mainly in grade V. If these signs of degen-

eration are not evaluated, e.g., osteophytes in case of

transverse sections through the disc, or fissures in case of

radiographic grading systems, or if they are attributed to

other degrees of degeneration the results may become very

different. To date, there is no grading system and grading

methodology available that covers all the different aspects of

degeneration. It would therefore be important to know more

about the agreement between the various grading systems.

Also, in future it would be interesting to evaluate how ROM

and NZ depend on each single sign of degeneration sepa-

rately. This has been done for creep loading and endplate

damage as models for early degeneration (flexibility in

flexion/extension and lateral bending strongly increases) and

osteophytes (flexibility decreases) [3, 24]. However, creep

loading and endplate damage do not necessarily represent

early degeneration, which is also characterised by bio-

chemical changes and manual excision of osteophytes, as

carried in the study mentioned above, may easily cause

artificial instability.

A further reason for the inconsistency of the various

studies concerning the relationship between degree of

degeneration and spinal instability could be the study design:

Kirkaldy-Willis and Farfan suggested that spinal flexibility

changes over time. The present study does not directly cover

this time-dependency since it has a cross-sectional design.

This limitation is expected to be minimised by the large

number of specimens included into the data set. Furthermore,

all cadaveric in vitro studies are necessarily cross-sectional

studies. Yet, they show different results.

Another hypothesis says that early instability does not

occur in all cases and, thus, may be hidden in some studies.

As mentioned above, Zhao et al. [24] could show that arti-

ficial disc narrowing by creep or endplate damage used to

simulate early degeneration increases spinal flexion and

lateral bending. If degeneration starts in this way, instability

may occur, but if degeneration is associated with significant

biochemical changes and if it goes hand in hand with oste-

ophyte formation stability probably increases [2].

In most in vitro studies summarised in Table 5, axial

rotation behaved differently compared to flexion/extension

and lateral bending. While in the latter loading directions,

ROM rather decreased with increasing degeneration, it

tended to increase in the former one. From a biomechanical

point of view this observation can be explained in three

ways. First, during axial rotation shear loads are acting on

the disc. Intervertebral discs with fissures and delamination

may not be able to resist this load component as effectively

as healthy discs. Therefore, a loss of stability in axial

rotation is expected. In contrast, during flexion/extension

and lateral bending movements, compressive and tensile

loads are the most important load components. The resis-

tance of the disc against these loads is assumed to be less

affected by fissures and delamination. This hypothesis is

Table 5 Summary of in vitro studies, which investigated the influence of intervertebral disc degeneration on range of motion

ROM range of motion, # original data reported for flexion and extension separately
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supported by Krismer et al. who could show that the

increase of flexibility in axial rotation was related to

the degree of degeneration, where fissures occurred [13].

The second biomechanical explanation is based on the

facet joints. These joints are assumed to restrict axial

rotation movements to different degrees depending on the

alignment of the segment. The more the segment goes into

kyphosis, the later the restriction of the movements

becomes effective. In cases of degenerative kyphosis [5]

increasing axial rotation movements may therefore be

expected. Finally, a degenerative loss of cartilage in the

facet joints may also contribute to the decreasing stability

in axial rotation [1, 8].

The definition of instability is difficult and controver-

sially discussed. Clinically, it may be defined as a condition

where a physiologic load induces abnormally large defor-

mations [6]. Yet, the question remains, how to measure

these deformations. In vitro ROM is often used to quantify

instability. The data reported in Table 5 are all based on

this parameter. However, some authors additionally report

other parameters such as NZ [14, 16], neutral zone ratio

(=NZ/ROM) [14], coupled rotations [13] or translations

[13, 19]. Other authors even report about parameters such

as disc geometry and disc deformation to measure insta-

bility [9]. In the past, NZ was claimed to be more sensitive

concerning instability than ROM [17], which sometimes

was even claimed to define hypermobility rather than

instability, which should be quantified using the NZ/ROM

ratio. However, NZ is a parameter, which can only be

measured in vitro. In vivo it might even not exist due to

muscular stabilisation. In contrast, translations can be

measured both in vitro and in vivo. However, this param-

eter is technically more difficult to investigate since it

needs to be referred to predefined landmarks.

In conclusion, the results of this study, which includes

data from 203 lumbar spine segments, indicated that early

stages of intervertebral disc degeneration do not necessar-

ily cause rotational instability. In contrast, in the present

study, stability increased in flexion/extension and lateral

bending from no to severe degeneration. Only in axial

rotation stability tended to decrease.

Conflict of interest None.
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